Thermodynamic properties of ionized gases at high temperatures have been calculated by a new model based on local equilibrium conditions. Calculations have been done for nitrogen, oxygen, air, argon, and helium. The temperature range is 300-100,000 K. Thermodynamic properties include specific heat capacity, density, mole fraction of particles, and enthalpy. The model has been developed using statistical thermodynamics methods. Results have been compared with other researchers and the agreement is good.
General Model
The general model is based on statistical thermodynamic methods and it is assumed that the species are in thermodynamic equilibrium. The physical constants of the ions and species are taken from Fay [14] and Moore [15] . For nitrogen, oxygen, and air, the considered species are N 2 , and e (electron). In addition to nitrogen, oxygen, and air plasma, the properties of two inert gases, argon and helium, have been studied as well. The assumed species for argon are Ar, Ar þ , Ar 2þ , Ar 3þ , Ar 4þ , Ar 5þ , and Ar 6þ and for helium are He, He þ , and He 2þ . We assume a diatomic gas at low temperatures. The number of elemental atom number is then given by
A e e ¼ 0; 1; 2; 3; :::; z
where e is the charge number of the ions. Total number of moles is given by
Assuming charge neutrality, the mole number of free electrons is given by
The equation of state is
where p is the pressure, V is the volume, R is the universal gas constant, and T is the temperature. 
Dissociation. For a dissociation reaction,
Using Eq. (4) to eliminate V in Eq. (6) we obtain
At low temperature there are no ions (e % 0), and Eqs. (1) and (2) reduce to
Substituting Eqs. (8) and (9) in Eq. (7) we will have
where
and K pd is the equilibrium constant based on pressure. Solving Eq. (10) we obtain
From Eqs. (8) and (9) Figure 1 shows the variation of y 0 , y 2 , and M A =EA for nitrogen dissociation. The normalized number of moles M A =EA, increases due to dissociation of the molecule to atoms. The concentration of y must decrease at higher temperatures due to ionization. In the Sec. Ionization process, ionization process will be described to complete the predictions.
Ionization Process.
The governing equations for ionization will now be described.
For a typical ionization reaction DH e is the ionization enthalpy. The equilibrium constant based on concentration is given by
Using Eq. (4) to eliminate V in Eq. (15) we obtain
The number of elemental atoms involved in reaction (14) is
The total mole numbers is
The number of moles of electrons is
Combining Eqs. (17)- (19), we obtain 
Solving this second-order equation, we find 
It can be seen in Eq. (25) that y e 0 involves the potential concentration of other ions in upper levels; so it increases and eventually reaches unity. The actual concentration of y e is achieved by correcting y e 0 in Eq. (26) by taking into account the effect of next ionization. Figure 2 shows the variations of y e , y e 0 and y eþ1 0 versus temperature during the ionization process. The physical basis of this model is that ionization is an endothermic process and the progress of each reaction requires additional energy. Therefore, it can be assumed that ionization is a step by step process and the level of ionization increases with temperature. Figure 3 shows the sketch of this model. The calculations are performed in parallel and the individual packages are in mutual equilibrium. The starting point is the bottom package (A 2 $ 2A). The normalized mole fraction of A versus elemental number of nitrogen atoms is entered to the next package and the calculations proceed; in the next package, the output will be A þ and the same pattern flows to the next ones. In each package, thermodynamic equilibrium calculations are performed and the concentration of each species is computed. The mole fractions of species are normalized by the elemental number of atoms to ensure the conservation of mass. Given the temperature, pressure, and composition all the thermodynamic properties of the plasma can be calculated.
The enthalpy is defined as where h A2 ðTÞ is the enthalpy of molecule A 2 , and h e (T) is the enthalpy for species A e . Normalized enthalpy will be
Heat capacity of the mixture is defined by
c p is the combination of translational, rotational, vibrational, and electronics energy modes. It is defined by
An important feature of this model is that the properties of the individual ion packages are first calculated and then coupled to form the system of packages. This flexibility permits a wide range of conditions to be covered by just one generic set of equations.
For example, the model can treat the system of oxygen plasma, nitrogen plasma, and air plasma simultaneously.
Results and Discussion
Figures 4 and 5 show the mole fractions of oxygen and nitrogen plasma up to 100,000 K. The mole fractions in these two figures are defined by
for monatomic species and
It can be seen that for both atoms, one dissociation and five ionizations (N 5þ and O 5þ ) occur. The onset of ionization occurs around 6000 K, and as the ionization proceeds, the mole fraction of species decrease. This is due to the increasing mole fraction of Transactions of the ASME electrons. Figures 6 and 7 show the mole fractions of argon and helium. Figure 8 shows the mole fractions of air plasma. The peaks of this figure correspond to those in Figs. 4 and 5. Figure 9 shows normalized particle numbers of oxygen, nitrogen, air, argon, and helium versus temperature. The particle numbers have been normalized by the elemental number of atoms. It can be seen that under constant pressure condition, the number of particles increase dramatically. It shows the effect of ionization and increasing number of electrons. It is seen that the level of ionization determines the number of particles. Since in helium there are just two electrons, the number of particles does not increase as much as for other species. Figure 10 shows specific heat capacities of oxygen, nitrogen, air, argon, and helium versus temperature. The several peaks at this figure represent the reactions and production of atoms and ions, which increase the heat capacity of the system. For oxygen and nitrogen molecules, the role of rotational and vibrational energy modes on heat capacity is important at lower temperatures. However, after dissociation, the only energy mode of each species is translational and electronic and the increase in the heat capacity is just due to the ionization and the change of species concentration as can be seen in Eq. (29). Figure 11 shows enthalpies of oxygen, nitrogen, air, argon, and helium versus temperature. At higher temperatures, the enthalpy of helium exceeds the enthalpy of air. This is due to the higher heat capacity of helium at higher temperatures. Figure 12 shows values of specific heat and the comparison with the results of Capitelli et al. [6] , Sher et al. [9] , and STAN-JAN equilibrium code [16] in temperature range of 300-5000 K. Except for Sher et al., the agreement is good. In this range of temperature, the concentration of ions is almost zero and the increase in heat capacity is due to the excitement of the vibrational energy modes and dissociation of oxygen atom. Figure 13 compares the heat capacities of air calculated in this study with those of Capitelli and Sher over the temperature range 300-100,000 K. This figure shows good agreement with the results of Capitelli up to 70,000 K. Beyond 70,000 K, Capitelli et al. underestimates the heat capacity due to the neglect of the N 5þ and O 5þ ions in their study. Results of Sher are limited to low temperatures that are in poor agreement with the others.
Comparison With Other Calculations

Conclusions
Thermodynamic properties of air, argon, and helium have been calculated at high temperatures using a novel cascade thermodynamic model. It was assumed that all species are in local thermodynamic equilibrium. The model is based on statistical thermodynamics methods.
The calculated properties are specific heat capacity, enthalpy of the mixture, mole fraction of species, particle numbers, and density. It is shown that all these properties are very temperature sensitive. It is also shown that number of ions and ionization level play an important role in determining specific heat capacities and particle numbers in the mixture. Results are compared with those of other researchers and good agreement is obtained in regions where the results overlap. 
